In conventional superconductors, the electron pairing that allows superconductivity is caused by exchange of virtual phonons, which are quanta of lattice vibration. For high-transitiontemperature (high-T c ) superconductors, it is far from clear that phonons are involved in the pairing at all. For example, the negligible change in T c of optimally doped Bi 2 leads to T c decreasing from 92 to 91 K) has often been taken to mean that phonons play an insignificant role in this material.
Here we provide a detailed comparison of the electron dynamics of Bi2212 samples containing different oxygen isotopes, using angle-resolved photoemission spectroscopy. Our data show definite and strong isotope effects. Surprisingly, the effects mainly appear in broad high-energy humps, commonly referred to as 'incoherent peaks'. As a function of temperature and electron momentum, the magnitude of the isotope effect closely correlates with the superconducting gap-that is, the pair binding energy. We suggest that these results can be explained in a dynamic spinPeierls picture 2 , where the singlet pairing of electrons and the electron-lattice coupling mutually enhance each other.
We compare angle-resolved photoemission spectroscopy (ARPES) data of optimally doped Bi2212 samples at the three different stages of the isotope substitution loop 16 O ! 18 O ! 16 O (Supplementary Methods). In this way, we study directly the impact on the electron spectral function due to a modification of phonon properties, and thus gain insights into the nature of electronphonon interaction in this material. Here we use the term 'phonons' loosely to denote quanta of lattice vibrations including spatially localized ones 3, 4 . To ensure that material properties unrelated to the isotope mass did not change during the isotope substitution process, we controlled the sample growth condition with high precision (Supplementary Methods) and checked the sample quality with various post-growth characterization tools, including ARPES itself (Supplementary Figure) . All ARPES data were recorded at the Advanced Light Source as detailed elsewhere 5 . Figure 1 shows low temperature (25 K) ARPES spectra and their dispersions along the nodal (GY) direction, where the superconducting gap is zero. In this and the rest of the figures, blue, red and green represent results for 16 O, 18 O and re-substituted 16 O R ( 18 O ! 16 O) samples, respectively. In Fig. 1a , raw ARPES spectra as a function of energy (that is, the energy distribution curves, EDCs) are shown for different momenta along the nodal direction. Each EDC shows a peak, which sharpens up as momentum (k) approaches the normal state Fermi surface 6 . We loosely refer to a sharp peak as a 'coherent peak' (CP), and a broad hump as an 'incoherent peak' (IP) 7 . We have no intention of implying that the energy and the width of CPs satisfy the Landau quasiparticle requirement. Making a comparison between the blue and red curves in Fig. 1a , we detect definite but small isotope effect. The most notable change is the shift of the peak position in curves 4 and 5 by approximately 15 meV, which is bigger than our error bar by a factor of three. Inspecting curves 1-6 in Fig. 1a , we note that the isotope effect is maximum for binding energy in the range of 100-300 meV, and vanishes as energy decreases (cut 1) and increases (cut 6) from this region. We note that this energy range coincides with range of J to 2J, where J is the super-exchange interaction of neighbouring spins. Figure 1b shows the dispersions derived from the ARPES spectra at fixed energies as a function of momentum, known as the momentum distribution curves (MDCs). As reported earlier 6, [8] [9] [10] [11] [12] , we observe a 'kink' , that is, a change of the slope in the dispersion, at energy ,70 meV. This feature has been used as evidence that a bosonic mode renormalizes the electron dynamics 13 . A comparison between the 16 O and 18 O dispersions in Fig. 1b clearly shows that the kink separates the low-energy regime where the spectra show CP and negligible isotope effect, from the high-energy regime where the spectra show IP and appreciable isotope effect. This observation suggests that phonons contribute appreciably to the electron self energy. To illustrate the size of our error bar, we show the dispersion of the 18 O !
16
O re-substituted sample as the green line in Fig. 1b . Clearly the experimental uncertainties caused by isotope substitution are smaller than the isotope-induced changes reported here. We note that the insensitivity to isotope substitution at low energies is consistent with the notion of 'universal nodal quasiparticle letters to nature properties' inferred from the doping independence of nodal Fermi velocity 11 . The marked increase of the EDC width above the kink energy ( Fig. 1a and ref. 6 ) and the concurrent strengthening of the isotope effect suggest that this broadening is at least partly due to scattering of electrons by phonons. Figure 1b inset shows the real part of the electron self energy (S) as a function of energy (q), ReS(q), obtained from measuring the deviation of the experimental dispersion from a common straight line representing the band structure dispersion 14 . We regard ReS(q) mainly as a tool to zoom in on the isotope-induced changes in the dispersion. As expected, the overall isotope-induced change in ReS(q) extends up to very high energy. Additionally, the maximum position of ReS(q), that is, the kink energy 14 , shows an isotope-induced redshift. Both our EDC and MDC analyses show that phonons have important effect on the electron dynamics in the energy range 100-300 meV. We note that in the same energy range it is believed that magnetic fluctuations also contribute importantly to the electron self energy 15 . We also note that the fact that the isotope effect of ReS(q) extends up to very high energy goes well beyond the Migdal-Eliashberg model, where the phonon effect is confined near the kink energy 16 .
In Fig. 2a , we report the evolution of the isotope effect as the electron momentum approaches the antinodal region near the M point, where the d-wave superconducting gap reaches its maximum (see Fermi surface diagram in Fig. 2d inset). For cuts 2-6, where a non-zero superconducting gap exists, the MDC dispersion is shown only up to the gap edge. We defer the discussion of the isotope effect on the gap to later in this Letter. At low energy, a kink in the dispersion can be clearly identified for all cuts (see arrows), becoming stronger for near-antinodal cuts 5, 12, 17 . For all cuts, the kinks show an isotope induced redshift, (5-10)^5 meV. As in Fig. 1 , the kink energy defines a crossover from the low-energy regime where the spectra show CP and negligible isotope effect, to the high-energy regime where the spectra show IP and strong isotope effect. Again, this result suggests that phonons are indeed key players in causing the kink 5, 6, 17 . At higher energy, the isotopeinduced changes increase significantly as the momentum gets closer to the antinodal region. Moreover, a subtle sign change of the isotope effect is observed near cut 3. The results in Fig. 2a are confirmed by raw MDC data-for example, those shown in Fig. 2b . As noted earlier, isotope-induced changes are fully reversible upon isotope re-substitution (green line).
In Fig. 2c we show the raw EDC spectra at the momentum value . A large reversible isotope-induced shift (about 230 meV) of the EDC peak position is observed at high energy. Additionally, a small CP due to the well-known superstructure (SS) replica is observed (also, see Supplementary Figure) . The large MDC and EDC shifts are fully reversible upon the isotope re-substitution process (green in panels b and c). d, EDC dispersions for cut 7 (inset), extracted from the maximum intensity positions of EDCs. The data show a large isotope-induced shift at high energy, similarly to the data in a. Note also that the EDC dispersion shows a qualitatively different behaviour from the MDC dispersion, for example, those shown in a, namely completely separate low-energy and high-energy branches. This difference stems from the fact that near the kink EDC line shape shows a two-peak structure (for example, Fig. 2 of ref. 6 ) while MDC line shape continues to show a single peak. The spectra show a coherent peak (CP) at low energy, almost isotope-independent, and a broad hump, that is, an incoherent peak (IP), strongly isotope dependent. The two mix in the crossover region (curve 3). Throughout this Letter, we use 'energy' and 'binding energy' interchangeably. All curves were scaled to the same peak height, and vertically displaced by different amounts for easy viewing. A small peak at the Fermi energy (0) in curve 6 is the well-known superstructure (SS) replica of the main band (also, see Supplementary Figure) . b, Isotope dependence of MDC dispersion, obtained by lorentzian fit of MDCs. The symbol k denotes the momentum value parallel to the G-Y direction. Consistent with a, the low energy dispersion is nearly isotope-independent, while the high energy dispersion is isotope-dependent. The effect is fully reversed by isotope re-substitution (green). The fits are shown only up to 300 meV, because they become less accurate at high energies. Inset shows the real part of the electron self energy, ReS(q), obtained from the MDC dispersion 14 by subtracting a line approximation for one electron band e(k), connecting two points, one at E F and the other at 300 meV binding energy, of the 18 O dispersion. The kink position, defined as the binding energy of the peak in ReS(q), undergoes a redshift upon isotope substitution (see arrows).
letters to nature marked with a grey-filled circle in Fig. 2d inset. Here a shift of about 230 meV of the IP is observed. This value is a factor of 2 larger than the maximum shift reported along the nodal direction (see cut 1 and Fig. 1a ). The weak low energy CP in each EDC of Fig. 2c is the wellknown weak superstructure (SS) replica of the main band CP (also, see Supplementary Figure) . Their isotope shift (about 26 meV) is an order of magnitude smaller than that of the IP at higher energy. Clearly, this strongly energy-dependent isotope effect cannot be ascribed to an overall spectral shift or be described by the MigdalEliashberg theory. The increase of the spectral shift with increasing binding energy suggests that the multi-phonon effect 18, 19 contributes to the electron self energy up to very high energy 20 . Again, we note that in the high-energy regime not only the electron-electron interaction 21, 22 but also the electron-phonon interaction 23 affect the electron dynamics.
The inset of Fig. 2a summarizes the momentum dependence of high-energy isotope shift. The isotope-induced shift is plotted as a function of the superconducting gap. The linear correlation suggests a strongly anisotropic isotope effect, which increases as the electron momentum approaches the antinodal region.
In Fig. 2d , we show the dispersion for a cut parallel to the M-Y direction, determined from the EDC peak position. The location of this cut is shown as cut 7 in the inset. As in Fig. 2a , it is remarkable that, the higher the binding energy is, the stronger is the isotope effect. As the bottom of the dispersion is reached (yellow-filled circles), an isotope shift (about 240 meV) nearly 20% of the entire width of the dispersion is observed (see arrows). The increase of the shift is consistent with Fig. 2a inset.
An additional important point is the isotope effect on the superconducting gap, D k (see, for example, cuts 3-6 in Fig. 2a) . Unlike the sample-independent, reproducible and reversible isotope effect at energies much larger than the gap energy, the changes of the superconducting gap are small and random in both magnitude and sign. In particular, the maximum value of the gap varies by about 5 meV from one sample to another, regardless of the isotope mass. This suggests that the main cause of gap modification is disorder 24 , not the change in isotope mass. This is very different from the behaviour of conventional s-wave superconductors 25 . In Fig. 3 , we study the effect of isotope substitution above the superconducting transition temperature (T ¼ 100 K). Figure 3a shows the MDC dispersions along cuts 1 and 3-6 of Fig. 2a . Comparing Fig. 3a with Fig. 2a , we note an overall decrease of the isotope-induced changes. For example, in the antinodal region (that is, cuts 5 and 6) the isotope effect is markedly different below and above T c , consistent with the raw MDCs and EDCs in Fig. 3b, c . This interesting finding-that the strength of electron-lattice interaction is strongly temperature dependent-invalidates previous assumptions 9, 10, 15 that a strong temperature dependence of spectroscopic features rules out phonons as explanation. As the last detailed point, we note that the sign reversal of the high-energy isotope effect near cut 3 persists at high temperature, despite the reduced overall isotope effect.
Before discussing the implications of our results, we address two possible sources of experimental error: unintentional doping change induced by the substitution process, and sample misalignment. Both of them are ruled out by the temperature dependence and by the reversibility and the reproducibility of the observed effects upon repeated measurements. Two more arguments can be used to rule out doping differences (also, see Supplementary  Figure) . First, a direct comparison with the MDC dispersion at different doping shows that the sign reversal at high energy cannot be induced by a doping change. Second, if the changes in the highenergy nodal dispersions in Fig. 1 are due to a doping change Dx, Dx < 0.05 (ref. 11) is implied, which is five times bigger than the maximum doping uncertainty (Dx < 0.01) of the isotope substitution process.
A potentially simple explanation of our findings is the effect of static lattice distortion, induced by the isotope substitution. However, it is unlikely that the small change in the oxygen mass can affect the overall lattice structure, as shown by diffraction results for La 22x Sr x CuO 4 (ref. 26) . Moreover, the fact that the isotope effects occur with opposite signs for different cuts in momentum space excludes a net average lattice change as explanation. Finally, the isotope substitution might induce a random static structural disorder, connected with the disorder seen in scanning tunnelling microscopy 24 . However, whereas the observed fluctuation of the superconducting gap is consistent with this possibility, the larger and fully reproducible isotope-induced changes at high energy are not.
On the basis of these findings we propose the following model for the nature of electron-lattice coupling in high-T c superconductors. The fact that the isotope effect on the ARPES spectral function becomes much stronger below T c suggests a picture where pairing of electrons enhances their coupling to the lattice and vice versa, as in spin-Peierls physics 2 . In this picture, the motion of electron pairs modifies the lattice distortion locally. If the coupling between the electron pair and the lattice is too strong, the pair will be localized and the lattice distortion becomes static. In that limit, the system becomes an insulator rather than a superconductor. In the interesting situation where the coupling is not that strong, the dynamic spin-Peierls distortion follows the coherent motion of electron pairs in a superconducting state. Creation of a photo-hole in this state Figure 3 Decrease of the isotope-induced changes in the normal state. The samples, the k-axis definition, and the location of the cuts are identical to those in Fig. 2 . a, Normal state MDC dispersions for cuts parallel to the G-Y direction, from G-Y to near the M point, measured at T ¼ 100 K. A different origin of the momentum axis is used for each cut for easy viewing of all data. b, Comparison of the isotope-induced changes of the raw MDCs measured at 100 K and 25 K. The MDCs are measured at 200 meV binding energy for cut 6, as shown by the horizontal dashed line in a. c, Comparison of the isotope-induced changes of the raw EDCs, at 100 K and 25 K. The momentum value for the EDCs corresponds to the yellow-filled circle in the inset. As in Fig. 2c , a small peak near the Fermi energy (0) due to the well-known superstructure (SS) replica (also, see Supplementary Figure) coexists with the larger peak at high energy due to the main band (MB). An apparent isotope-induced change of the height of the SS peak at 25 K is merely due to the change of the position of the MB peak. All panels show that the isotope-induced changes are reduced greatly at high temperature, except for near the nodal direction.
causes the lattice to lose its distortion, and a strong coupling between the hole and the lattice results. Extrapolating this picture, we expect the diminishing of the spin-Peierls distortion above the pseudogap temperature T* (note that T* ¼ T c for optimally doped Bi2212). As a result, the coupling between the photo-hole and the lattice is weakened. The observation of significant isotope dependences of T* (refs 27), J and various low-temperature spin properties 28, 29 supports this scenario. We believe that the above cooperative interplay between electron pairing and electron-lattice interaction outlines the role that phonons play in high-temperature superconductivity. The above proposal has been shown theoretically to work in one dimension 30 and in a two-leg Hubbard ladder incorporating the electron-phonon interaction (A. Seidel, H. H. Lin and D.-H.L., manuscript in preparation).
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